Abstract A 2"×2" BC501A liquid scintillation detector with a gain stabilization system is developed and applied to neutron and γ-ray measurement on the EAST tokamak. Energy calibration of a liquid scintillator using a fast coincidence method is presented and compared with the Monte Carlo simulation. Determination of the proton light output function of the BC501A is presented. Results from dedicated experiments with an Am-Be neutron source, γ source and quasi-monoenergetic neutron beams, and from measurements on EAST tokamak are presented and discussed.
Introduction
Neutron spectrometry plays an important role in thermonuclear fusion experiments to diagnose numerous plasma physics parameters related to fuel ion velocity distributions and fuel populations. It can also be employed to assess the performance of different auxiliary heating types, such as NBI heating and ICRH, via component analysis [1−3] . BC501A (equivalent to NE213) organic scintillators are widely used as fast neutron detectors based on recoil proton detection, taking advantage of the merits of the good n/γ discrimination capability, high detection efficiency and fast response [4−6] . Liquid scintillation detectors are, however, well suited for neutron spectroscopy in mixed n/γ fields as in tokamak devices for example. Neutron-and photon induced events can be separated by means of pulse shape analysis so that both pulse height spectra can be recorded simultaneously. After a full characterization of the light output function, pulse height resolution function and some other parameters, they can be employed in compact neutron and γ-ray spectrometry based mainly on unfolding the pulse height spectrum [7−9] or forward fitting [10, 11] . However, the liquid scintillation detector in the tokamak experimental hall has to tolerate the strong magnetic field and neutron fluence rate that would change rapidly. Both the magnetic field and rapidly changing fluence rates will cause changes in the gain of the photo multiplier tube (PMT).
Thus, a gain stabilization system is essential for liquid scintillation detectors on tokamak devices.
In this paper, a 2"×2" BC501A liquid scintillation detector with an emphasis on gain stabilization of the PMT is developed and applied to neutron and γ-ray measurement on EAST tokamak. In section 2, the gain stabilization system is described and its performance is verified by Am-Be neutron source measurement. The characterization of the liquid scintillation detector using photon sources and pulsed quasi-monoenergetic neutron beams is presented in section 3. The experimental results during deuterium plasma discharges at EAST are given in section 4. In section 5, conclusions are drawn.
Gain stabilization system
A high resolution spectrometer based on the liquid scintillator coupled to PMTs relies on the gain stabilization of the system. However, the neutron or γ-ray spectrometers for a tokamak suffer huge variations of fluence rates at the detector position, which produce variations in the gain of the PMT [12, 13] . This can cause the distortions in the pulse height spectra and then affect the measurement's reliability and validity. In order to monitor the gain of the PMT online, a stable reference source is required. The standard mono-energetic γ-ray source seems to be a good choice. However, the BC501A liquid scintillator does not always show full energy peaks above a certain threshold as it is incapable of absorbing the entire γ-ray energy. Thus, a standard γ source is not suitable as a reference source to monitor the PMT gain. Otherwise, the Compton continuum induced by the standard source would introduce a background to the spectrum measured. Also, it is difficult to determine the position of the Compton edge from the Compton continuum. Instead, the pulsed light source shows some advantages over the standard γ-ray source. Fig. 1 shows the scheme of a liquid scintillation detector equipped with a pulsed light emitting diode (LED) reference source. The detector is made of a cylindrical liquid scintillator cell (Φ5.08 cm×5.08 cm) of type BC501A, a PMT of type HAMAMATSU R329-02, and a PMT base of type Ortec 265A. A blue LED (Nichia NSPB346BS) inside a light tight box generates light pulses periodically. An optical fiber cable connects the LED and the light guide placed between the liquid scintillator and the PMT. Driven by a pulse generator (Agilent 33250A), the LED light pulses contribute to a well-defined Gaussian peak on the pulse height spectrum, whose peak position is adjustable by changing the driving pulses. Moreover, the anode signals induced by LED light pulses can be well distinguished from those induced by γ-rays or neutrons via the pulse shape discrimination technique. The performance of the BC501A liquid scintillation detector with LED was verified by an Am-Be neutron source. In Fig. 2(a) , a two-dimensional (2D) plot of long gate (130 ns) versus shot gate (15 ns) charge integrations shows the pulse shape discrimination performance. It is obvious that neutrons, γ-rays and LED light pulses are well distinguished from each other. The pulse height spectrum of neutron and LED signals is shown in Fig. 2(b) . The LED pulses contribute a separated Gaussian peak on the spectrum, which indicates that the LED peak could monitor the gain of the PMT perfectly without affecting the measurement of neutron or γ-ray pulse height spectra. An off-line LED correction routine was also included in the gain stabilization system, which works as follows: LED events are recognized by pulse shape discrimination and an average value of the LED pulses integrals is evaluated every ∆t (10 
Energy calibration
There are mainly two methods to carry out the energy calibration of light scintillators based detectors using a photon source. The first one is the Monte Carlo method [14] , 
where N (L) is generated by means of Monte Carlo code GRESP, which was developed at PhysikalischTechnische Bundesanstalt (PTB) [14] . Given that approximations are inevitably introduced into the calculation, the accuracy of the result from the Monte Carlo method depends on the modeling and the uncertainty of the cross sections used in the code.
The other energy calibration procedure is the γ-γ coincidence method, based on the fact that the scattering of a γ-ray at 180 o gives rise to Compton edge events on the Compton continuum spectrum, while the scattered quantum escaping from the scintillator can be absorbed by a monitor detector, generating a backscattering peak. This is a direct method to measure the Compton edge, but a well calibrated monitor detector with good energy resolution, or a detector showing an obvious backscattering peak is needed in order to obtain accurate energy calibration. Many previous efforts were made to achieve energy calibration by means of a slow coincidence system [15−17] . In this section, the energy calibrations of the BC501A liquid scintillation detector in the fast coincidence method and Monte Carlo method were compared.
Another liquid scintillation detector (Φ5.08 cm× 5.08 cm) was used as a monitor detector to record γ-rays backscattered from the tested detector. The tested and monitor detectors were set up opposite to each other with a separating distance of 200 mm. The γ-ray source was placed 50 mm away from the tested detector on the central axis. A big separating distance of 150 mm between the γ-ray source and the monitor detector was designed to decrease random coincidence events. A schematic diagram of the fast coincidence electronic circuit is presented in Fig. 3 . The fast timing coincidence measurement was proceeded as follows. Firstly, the dynode output of the tested detector was amplified through the pre-amplifier (Ortec 113) and main amplifier (Ortec 460) modular for a proper amplification, delayed by an Ortec 427A modular, and fed into the ADC1, to measure the Compton electrons spectrum without coincidence of the two detectors. Secondly, the anode outputs of both the monitor detector and the tested detector were coupled to the Ortec 583B modular, a CFD (constant-fraction discriminator) modular with dual discriminator levels. The timing outputs of the two CFDs were fed into a TAC (time-to-amplitude convertor) modular, Ortec 567, whose time range was set as 50 ns. The TAC output of the Ortec 567 modular was registered by ADC2 and a time of flight spectrum could be acquired. The coincidence spectrum could be obtained from ADC1, when gated by the "SCA" output of the Ortec 567 modular. When a photon scattered in the tested detector, the energy of the Compton electron is given by
so the deposited maximum energy (scattering at 180 o ) is given by
where E γ is the energy of the incident γ-rays in MeV, and the energy of the escaping quantum is given by
The monitor detector is supposed to detect the escaping quantum, which deposits a maximum energy given by
(5) The detailed information of the γ-ray sources used for electron light response measurement of the tested detector is listed in Table 1 . The fast coincidence measurement was employed to locate the Compton edge of the photon sources listed in Table 1 directly. Fig. 4 shows the typical results for 137 Cs and 60 Co sources, respectively. The pulse height spectra with/without coincidence are compared and the spectrum with coincidence is a peak shaped Gaussian at the Compton edge as expected. It is worth noting that the coincident measurement of the 60 Co source shows two separated Gaussian peaks. This implies that a good performance can be obtained with the fast coincidence measurement to determine the Compton edge. In order to get the accurate position of the Compton edge and the pulse height resolution of the detector, the coincident spectrum was fitted with a function consisting of a Gaussian at each Compton edge and a background probability density function. Given the fact that the random coincidence was mostly contributed by the γ-ray directly from the source in this experiment, the background probability function was sampled from the pulse height spectrum without coincidence. The mean value of the Gaussian presents the accurate position of the Compton edge in the pulse height analysis scale. The fitting routine is developed based on the ROOT5.30 code, and all the parameters were set free. Table 2 The relationship between the pulse height analysis scale ch and electron light output L e can be expressed as [6, 8] ,
where G is the calibration constant and ch 0 is the channel responding to L e = 0. The validity of Eq. (6) relies on the linear relation between the Compton electron energy E e and the electron light output L e in a liquid scintillator over an electron energy from 0.06 MeV to 1.6 MeV, which can be expressed as L e = E e − 0.005, where L e is in MeV and 0.005 MeV represents the nonlinearity caused by the quenching effects of small electron energies in the scintillator. A standard procedure of Monte Carlo calibration using the GRESP code was also performed to locate the position of the Compton edge and calibrate the relation between electron light outputs and pulse height values. Firstly, the theoretical spectra of 511 keV, 662 keV, 835 keV and 1275 keV were calculated by the GRESP code. Iterative fittings were used to match the calculated and measured spectra with very good agreement (as seen in Fig. 5(a) corresponding to the case of 54 Mn E=835 keV), thus to determine the corresponding G value of each spectrum to the Compton edge. The energy calibration is accomplished by linear fitting of the electron light output and pulse height values from various photon sources. The electron light output functions obtained by two methods are compared in Fig. 5(b) . There is a certain deviation of about 2% between the Compton edges determined by coincidence measurement and GRESP. As the accuracy of the result from the Monte Carlo method depends on the modeling and the uncertainty of the cross sections, it is recommended that the coincidence measurements are adopted to perform energy calibration, especially for the detectors with complicated materials or structures. However, the Monte Carlo method by using the GRESP code is much more convenient, in the case of that the small deviations are tolerable. 
Determination of proton light output function
The calibration of the proton light output function is more complicated as it is nonlinear and changes depending on the detector details. Therefore, it was carefully determined in dedicated experiment with quasi mono-energetic neutrons from the reactions D(d,n) 3 He (3.0 MeV, 4.0 MeV, 5.4 MeV and 6.2 MeV), T(p,n)
3 He (1.6 MeV, 1.9 MeV, 2.2 MeV and 2.4 MeV) and 7 Li(p,n) 7 Be (1.1 MeV and 1.4 MeV). The neutrons were produced by the pulsed deuteron or proton beams with a frequency of 10 MHz on a 4.5 MV Van der Graff accelerator at Peking University. The detector was placed in a massive shield (80 cm in thickness) with a collimator (1 m in length). A digitizer was used to record pulses from the anode of the PMT of the detector and from a constant fraction discriminator. The latter produced a start signal when the pulsed proton or deuteron beam hit the 7 Li, D, and T targets. Neutron energy was determined from the time of flight between detection in scintillators and the start signal. Combined with pulse shape discrimination, neutrons of specified energy could be well discriminated against γ-ray and energy down scattered neutron background (see Fig. 6 ). The NRESP code was employed to calculate the theoretical pulse height spectra of different quasimonoenergetic neutron beams. Iterative fitting was used to match the calculated and measured spectra with very good agreement. A comparison between the measured pulse height spectrum of the 2.4 MeV quasi-monoenergetic neutron beam and the theoretical one is shown in Fig. 7(a) . There is a good agreement between measurement and simulation for pulse height >100 keV ee . The mismatch at the low pulse height region is due to the dominant effect of noise for low amplitude pulses, which was not included in the simulations. The proton light output function finally derived is in Fig. 7(b) . This well-determined proton light output function is very important to assess neutron energy spectra through the measured pulse height spectra, which will be discussed later.
Neutron and γ-ray measurement at EAST
The EAST device is a full super-conducting tokamak at the Institute of Plasma Physics, Heifei, China, whose typical operating parameters are as follows: the major radius R=1.7 m, the minor radius a=0.4 m, elongation κ= 1.6-2.0, triangularity δ= 0.5-0.7 and toroidal magnetic field B t =3.5 T. NBI, LHCD, ICRH and ECRH are currently used as auxiliary heating and current driving methods [18, 19] . Measurements of the neutron and γ-ray simultaneously on EAST tokamak were carried out, using the liquid scintillation detector with the gain stabilization system. The detector was placed at a distance of 11 m from the plasma central axis, sharing the same line-ofsight with the TOFED neutron spectrometer [20−24] . A magnetic shielding, made up of 13 mm thick soft iron and 4 mm thick permalloy, was wrapped outside the detector. The detector, together with the magnetic shielding, was placed in a shielding house whose walls consist of 20 cm thick polythene and 5 cm thick lead [24] . The anode signal of the detector was directly fed into a digitizer of type CAEN DT5751 (1 GHz, 10 bits). A digital pulse processing firmware was employed to perform pulse shape discrimination and pulse height analysis. Fig. 8 presents the measured results of EAST plasma discharge #55280, which employed D neutral beam injection and low hybrid wave as auxiliary heating. The time traces of the measured neutron flux and γ-ray flux, along with some other plasma parameters, are shown in Fig. 8(a) . The counter-NBI (P NBI2L =1.2 MW at port F) lasted from 1.5 s to 7.5 s, meanwhile, the co-NBI (P NBI1L =0.8 MW at port A) lasted from 2.5 s to 8.5 s. The neutron flux increases significantly as NBI heating turns on, which indicates that the neutron emission was mainly from the reactions between fast D ions and thermal D ions. The relative neutron flux increased from ∼1 kHz to ∼3 kHz at 2.5 s when the co-NBI started and it dropped from ∼3 kHz to ∼2 kHz at 7.5 s when the counter-NBI stopped. It is clear that the co-NBI contributed more to the neutron emission than the counter-NBI. Previous NUBEAM simulations showed that the total power deposition for the co-NBI is larger than for the counter-NBI and the fast ions are better confined for the co-NBI [25] . This is the reason why the co-NBI contributed more to the neutron emission even though its power was less than the counter-NBI's.
The pulse height spectra of neutrons and γ-rays are shown in Fig. 8 (b) and (c) . With the LED gain stabilization system, the distortion of the pulse height due to PMT gain variation has been corrected. The neutron pulse height spectra with and without LED gain correction were compared in Fig. 8(b) . With LED correction, there is a significant change at the high energy part of the pulse height spectrum, which contains information on high energy neutrons induced by fast D ions. A theoretically predicted neutron pulse height spectrum is also shown in Fig. 8(b) . The theoretical neutron pulse height spectrum was obtained in two steps: (i) the neutron energy spectrum was simulated by coupling the codes NUBEAM and GENESIS [19] ; (ii) the simulated neutron spectrum was folded with the response matrix of the detector, which was evaluated from the calibrated detector resolution and proton light output function resolution (see section 3). Clearly, the high energy part of the pulse height spectrum with LED correction agrees with the theatrically predicted one, much better than that without the LED correction. The counts and shape of the high energy part of the pulse height spectrum are the key information to evaluate the neutron energy spectrum, which indicates that the LED gain stabilization system is essential to liquid scintillation detectors for neutron measurement on tokamaks. Equipped with a gain stabilization system, the liquid scintillation detector is adequate for the applications of compact neutron spectrometers or neutron cameras. 
Conclusions
In this work, a BC501A liquid scintillation detector with an LED gain stabilization system was developed. A pulsed LED light source was employed as a reference source to monitor the gain of the PMT. The good performance of the LED stabilization system was firstly verified by measurement of the Am-Be neutron source. Neutron, γ-ray and LED events are well discriminated from each other via charge comparison.
The detector was also characterized using four photon sources and 10 pulsed quasi-monoenergetic neutron beams. Two methods, fast coincidence measurement and the Monte Carlo method, were employed and compared to perform energy calibration of the detector. The fast coincidence system shows such a good performance that it can distinguish two peaks of 60 Co sources. It provides a valuable tool for energy calibration of organic scintillation detectors, especially for those with complicated materials and structures. The optimal proton light output function was carefully determined by 10 pulsed quasi-monoenergetic neutron beams. The time of flight technique and the charge comparison pulse shape discrimination method were employed at the same time to discriminate the neutrons of specified energy against γ-rays and scattered neutron background.
The liquid scintillator detector equipped with an LED gain stabilization system was successfully applied to neutron and γ-ray measurements on the EAST tokamak. The results show that the distortion of the pulse height spectra induced by PMT gain variation was corrected by the LED stabilization system. With correction, the measured pulse height spectrum was in agreement with the theoretically predicted one. Neutron flux measurement shows that co-NBI contributed more to neutron emission than counter-NBI, due to the larger total power deposited and better fast ions confinement.
